Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by progressive articular disability, systemic inflammation, and high morbidity. 1, 2 Over the last years, several studies showed that RA pathogenesis is driven by a variety of inflammatory cells together with a complex network of cytokines, leading to both joint destruction and loss of function, and to systemic manifestations, such as fatigue, anemia, osteoporosis, and cardiovascular disorders. 3 The widespread release of cytokines, including tumor necrosis factor α (TNFα) and interleukin-6 (IL-6), plays a crucial role in weighing the balance toward a proinflammatory condition, thereby losing the physiological homeostasis. 4 The current use of biotechnological agents, targeting some of the proinflammatory molecules involved in the autoimmune process, drastically revolutionized the therapeutic approach of RA as well as the natural history of the disease. According to more recent strategies based on a treat-to-target approach, 5 the combination of methotrexate (MTX) with a biologic disease-modifying anti-rheumatic drug (bDMARD) represents the most effective strategy for treating RA refractory to synthetic DMARDs. 6, 7 In particular, TNFα blockade has been the first biotechnological mechanism of action proposed for this indication, and to date TNF inhibitors (TNFis) are the most widely prescribed bDMARDs for the treatment of RA. However, in routine care about 30%-40% of TNFi-treated patients fail to achieve the clinical target, or to maintain over time after an initially good response; or experience adverse events (AEs) leading to treatment withdrawal. 8, 9 As a consequence, the increasing knowledge about RA pathways has focused attention on other potential targets involved in the pathogenesis of the disease, leading to the licensing of bDMARDs with different mechanisms of action such as B-cell depletion, t-cell costimulation inhibition, and IL-6 blockade. In particular, in in vitro studies IL-6 showed a pivotal role in RA autoimmune pathways by contributing to T-and B-cell activation, autoantibody and acute-phase protein production, and synoviocyte and osteoclast stimulation. 10 Thus, IL-6 has been implicated in both joint inflammation 11 and most of the previously mentioned extra-articular manifestations of the disease, such as anemia, 12 fatigue, 13 increased cardiovascular risk, 14 and bone loss. 15 These findings led to the development of tocilizumab, the first humanized anti-IL-6 receptor (IL-6R) monoclonal antibody, 16 approved for the treatment of RA after the favorable results of several randomized controlled trials (RCTs) conducted in TNFi 17 and MTX insufficient responder patients, both in combination with MTX [18] [19] [20] and as monotherapy. 21, 22 According to international guidelines IL-6 blockade is now recommended as first-line bDMARD treatment in MTX failures, as a consequence of the favorable results of these RCTs and of the subsequent real-life experience, 23 especially when bDMARD monotherapy is required. 24, 25 The successful use of tocilizumab in RA has encouraged the development of other bDMARDs targeted on IL-6 pathway, either directed against IL-6R (sarilumab) or IL-6 cytokine (sirukumab, olokizumab, and clazakizumab).
The aim of this review is to describe the rationale for IL-6 blocking in the management of RA and to analyze the development program for sarilumab, summarizing the evidence in its use for the treatment of the disease.
Role of IL-6 in the pathogenesis of RA IL-6 is a pleiotropic cytokine with a proinflammatory activity affecting both the innate and the adaptive immune system. 26 Evidence suggests that IL-6 increases survival and proliferation of immune cells and helps the shift from acute to chronic inflammation. 16, 27 The cytokine is synthetized by cells of the innate immune arm, such as neutrophils and monocytes, upon toll-like receptor activation with a subsequent widespread diffusion that affects several systems and organs. 28 In particular, IL-6 induces the secretion of acute-phase proteins, such as C-reactive protein (CRP), by hepatocytes, thereby affecting lipid and glucose metabolism. 29 Upon IL-6 stimulation endothelial cells release chemokines, which lead to the recruitment of other immune cells and, in concert with other proinflammatory cytokines, to T-cell differentiation and B-cells stimulation. 11 Indeed, the cytokine promotes antibody production, by causing B-cell maturation, 30, 31 whereas IL-6 together with transforming growth factor-β stimulates naïve T cells to differentiate into T helper (Th)17 cells 32, 33 and increases IL-17 production via Th17 cells. 34 It has been shown that circulating levels of IL-6 are drastically increased during infections or in the contest of other inflammatory conditions, such as autoimmune rheumatic diseases. 35, 36 Patients with RA show elevated concentration of IL-6 levels both in the serum (ranging from 5 pg/mL to 200 pg/mL, with 1-16 pg/mL being the physiologic range in healthy people) and in the synovial fluid (about 100-1,000 fold higher than controls). [37] [38] [39] Serum levels of IL-6 in RA patients correlate with disease severity and radiological joint progression. 40, 41 Then, IL-6 activates fibroblast-like synoviocytes, which in turn are an important source of the cytokine itself in joint synovia, and it induces autoantibody production by B-cell stimulation. 42 In vivo studies have showed that IL-6 is essential for RA pathogenesis. Also, IL-6 injection in in vivo model can induce arthritis, whereas knockout animals are resistant to the disease. 43 Moreover, a monoclonal antibody to IL-6R reduces disease severity, if administered at an early stage of the disease. 44 IL-6 is one of the pivotal cytokines involved in the acutephase response, as confirmed by the relation between IL-6 and CRP levels in RA. 45 These findings, together with the dysregulation of lipid metabolism, correlate IL-6 with an increased cardiovascular risk in RA patients. 46, 47 Moreover, several systemic symptoms such as fever, fatigue, anemia, and systemic osteoporosis are related to an overproduction of the molecule. [48] [49] [50] Finally, the key role of IL-6 in RA pathogenesis has been indirectly confirmed by the successful results obtained from the clinical use of tocilizumab in the treatment of the disease. 51 ,52
IL-6 signaling pathway
The pleiotropic function of IL-6 finds its realization through the interaction between the cytokine and its receptor, IL-6R. However, the vast majority of human cells do not express IL-6R, which is mainly located on the surface of hepatocytes Drug Design, Development and Therapy 2017:11 submit your manuscript | www.dovepress.com
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Sarilumab in the treatment of RA and hematopoietic cells, including T cells, activated B cells, monocytes/macrophages, and neutrophils. 53, 54 IL-6R also exists in a soluble form (sIL-6R), which lacks the transmembrane and cytoplasmic components and is the result of either limited proteolysis of the IL-6R membrane-bound receptor (mIL-6R) or translation from an alternatively spliced mRNA. 55 sIL-6R is expressed in serum and synovial fluid, inducing a variety of cells, which are not able otherwise, to respond to the IL-6 stimulus. Both soluble and transmembrane IL-6R bind the cytokine with the same affinity. 54, 56 The complex IL-6/IL-6R is able to stimulate cells that constitutionally do not express the receptor by themselves through processes known as trans-signaling, whereas the transduction via the mIL-6R is called cis-signaling (Figure 1) . 57 Studies evaluating the two different pathways were performed with designer proteins in in vivo animal models, showing that cis-signaling is important for regenerative and protective functions of IL-6, whilst the trans-signaling pathway is responsible for the proinflammatory activity of the cytokine. 58, 59 The effective binding between the cytokine and its receptor requires the association with the signal-transducing glycoprotein 130 (gp130) for the initiation of the signaling cascade 
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Raimondo et al ( Figure 1) . 56, 60 Upon interaction with the IL-6/IL-6R complex, dimerization of gp130 leads to a conformational change responsible for the activation of gp130-associated Janus family tyrosine kinases (JAKs), which phosphorylates 5-tyrosine residues located on the cytoplasmic portion of gp130. The membrane-proximal tyrosine stimulates the mitogen-activated protein kinase pathway through the phosphatase SHP2, and the phosphorylation of the other tyrosine residues is responsible for the recruitment of signal transducer and activator of transcription (STAT) factors. The complexes of STAT proteins travel into the nucleus where they stimulate the expression of target genes, including proliferative, anti-apoptotic, and acute-phase protein genes. 56, 60 Moreover, the expression of suppressor of cytokine signaling 3 protein, a negative regulator of signaling, is upregulated upon activation of the gp130-JAK-STAT pathway as a consequence of IL-6 proinflammatory stimulus. 61, 62 When IL-6 binds to sIL-6R, the complex can interact with any cells that express gp130, leading to the downstream pathway that happens in cis-signaling described above. 56, 60 Since all cells in the body express gp130, the complex IL-6/sIL-6R could potentially stimulate every cell. In order to avoid this, a soluble non-functional form of gp130 (sgp130) is expressed as a buffer for neutralizing IL-6 activity. Under steady-state condition, levels of sIL-6R and of gp130 are much higher than IL-6, reducing its proinflammatory stimulation. When the cytokine levels are elevated and the buffering capacity is overcome, the surplus of IL-6 is able to activate the signaling cascade. 53, 63 In addition, IL-6 trans-signaling seems to be involved in the shift from neutrophil to monocyte in the synovial membrane of RA patients and thus in the transition from acute to chronic inflammation. 64 
IL-6 blocking molecules
Considering the strong evidence of IL-6 involvement in the pathogenesis of RA, the development of agents targeting IL-6 or its receptor gathered significant attention over the last years as new therapeutic option in the treatment of the disease. The first marketed IL-6 blocker was tocilizumab, a humanized anti-IL-6R monoclonal antibody, currently used for managing both MTX and TNFi insufficient responder patients.
Clinical trials and real-life data clearly demonstrate the efficacy of tocilizumab in combination with MTX in producing significant clinical response, in improving physical function, and in preventing radiographic progression. Moreover, tocilizumab monotherapy showed a superior clinical efficacy over MTX monotherapy in the AMBITION trial 66 and over adalimumab monotherapy in the head-to-head designed ADACTA trial, 22 and a similar clinical and radiographic efficacy against the combination with MTX in the ACT-RAY trial. 67 In addition, tocilizumab exerts significantly great clinical effectiveness in ameliorate systemic manifestations associated with RA as a result of IL-6 overproduction, such as amyloidosis, 68, 69 anemia. 12 and fatigue. 13 The pivotal and pleiotropic role of IL-6 in sustaining systemic inflammation is also supported by the efficacy of tocilizumab in the treatment of other conditions such as systemic juvenile idiopathic arthritis 70, 71 and giant cell arteritis. 72, 73 The unremarkable success of tocilizumab in the treatment of RA led to the more recent development of new biologic agents targeting either IL-6 or IL-6R with higher affinity. Sarilumab is a fully human IgG1 monoclonal antibody that binds to both soluble and membrane-bound IL-6Rα with high affinity (Figure 1 ), thereby interfering with cis-and trans-IL-6-mediated inflammatory pathway. 60 sarilumab was developed in mice engineered to produce human antibodies with an affinity for the human IL-6R 20-fold greater than tocilizumab. 74 Preclinical data on SAR demonstrated a dose-dependent inhibition of IL-6 signaling with lower concentration than tocilizumab and with no evidence of complement-dependent or antibody-dependent cell-mediated cytotoxicity. 75, 76 Efficacy and safety profiles of sarilumab were tested in clinical trials for treatment of patients with active RA, who were unresponsive or intolerant to either previous MTX or TNFi, as described in detail in the following sections in this review. To date, other IL-6 blocking agents are currently under investigation in clinical trials for the treatment of rheumatic diseases. Some of them, such as sirukumab, olokizumab, and clazakizumab, are directly targeted on IL-6, whereas another (ALX-0061) binds to IL-6R, as listed in Table 1 . [77] [78] [79] [80] [81] [82] [83] In particular, the latter is an example of the promising application of nanobody technology to the treatment of rheumatic disorders, as already demonstrated for other targets in the pathogenesis of RA such as TNF 84 and IL-1.
85,86
Sarilumab for the treatment of RA
The clinical development program for sarilumab includes one Phase II and six Phase III RCTs, summarized in Table 2 , including baseline population characteristics and primary outcomes.
Efficacy of sarilumab in RA 
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Sarilumab in the treatment of RA dose-ranging portion (Phase II), designed as a double-blind, placebo-controlled, multicenter study. 87 Patients included were aged 18-75 years, had active RA (tender joint count $8, swollen joint count $6, and CRP $1 mg/dL) of at least 3-month duration despite MTX treatment for a minimum of 12 weeks at a stable dose (10-25 mg/ week) for at least 6 weeks prior to the screening visit. Nonresponders to a previous biologic agent for RA within 3 months before study initiation were excluded. Eligible subjects (n=306) were randomized to receive placebo or one of five subcutaneous sarilumab dosing regimens: 100 mg Q2W, 150 mg Q2W, 200 mg Q2W, 100 mg QW, and 150 mg QW. The primary endpoint (response rate according to American College of Rheumatology 20 [ACR20] criteria) at week 12 was achieved across all doses of $150 mg Q2W. Furthermore, all four of these drug regimens provided a statistically significant improvements in Disease Activity Score 28 calculated with C-reactive protein (DAS28-CRP) reduction, as well as the exploratory clinical disease activity index (CDAI), ACR50, and ACR70 response rate.
Actually, three Phase III studies involving sarilumab have been published. In MOBILITY part B (Phase III), two separate cohorts of patients (n=1,285) were enrolled. 88 In cohort 1 (those randomized prior to the Phase III dose selection), patients were randomized to receive placebo or one of five subcutaneous doses of sarilumab (100 mg weekly, 150 mg weekly, 100 mg every 2 weeks, 150 mg every 2 weeks, or 200 mg every 2 weeks). After the phase III dose selection, patients previously randomized to receive placebo or sarilumab 150 mg or 200 mg every 2 weeks continued the 52-week study, while patients randomized to the other three treatment arms were stopped but were allowed to enter the open-label extension phase in which they received sarilumab at a dose of 200 mg every 2 weeks. In cohort 2 (those randomized after dose selection), patients were randomized (1:1:1) to receive placebo, sarilumab 150 mg every 2 weeks, or sarilumab 200 mg every 2 weeks, in combination with weekly MTX. The efficacy analysis was conducted in the cohort 2 intent-to-treat population. Both sarilumab doses showed statistically significant improvement in all three co-primary endpoints: ACR20 response at week 24 ( ; P,0.0001 for each dose group vs placebo). Results were favorable for sarilumab and also for all secondary clinical efficacy endpoints, including mean change from baseline of DAS28-CRP and CDAI score, DAS28-CRP remission rate, and ACR50/70 response rate. 88 After completion of MOBILITY, 901 patients were eligible for enrolment in the open-label extension (OLE) study EXTEND, in which all patients received active treatment (sarilumab 200 mg Q2W after final dose selection) in combination with MTX, showing the durable persistence over a 3-year follow-up period of clinical and radiographic outcomes observed in the double-blind phase, irrespective of prior treatment. 89 A retrospective analysis was performed on patients from the MOBILITY part A and B, 90 aiming to evaluate the circulating biomarker levels of bone resorption and synovial inflammation in patients treated with sarilumab 150 mg Q2W or 200 mg Q2W plus MTX. In the MOBILITY part A, collagen type I matrix metalloproteinase (MMP)-cleaved fragment (C1M), collagen type II MMP-cleaved fragment (C2M), collagen type III MMP-cleaved fragment (C3M), and C-reactive protein MMP-derived fragment were the measured biomarkers of tissue destruction and synovial inflammation, whereas serum concentrations of C1M, C2M, C3M, MMP-3, C-terminal telopeptide-1, osteocalcin, 
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Sarilumab in the treatment of RA osteoprotegerin (OPG), and soluble receptor activator of nuclear factor-kB ligand (sRANK-L) were measured from MOBILITY part B participating patients. Both sarilumab regimens demonstrated to significantly reduce concentrations of joint inflammation (eg, MMP-3, C1M, and C3M) and induced changes in collagen degradation marker (C2M). Furthermore, sarilumab 200 mg Q2W significantly suppressed bone resorption marker sRANK-L vs placebo (-28.6% vs -10.2%; P,0.01), and significantly decreased the sRANK/OPG ratio (5 vs 5.4; P,0.01). Sarilumab, compared with placebo, did not affect serum concentration of OPG.
In the end, no statistically significant differences were noted in reduction of several biomarkers in patients who achieved low disease activity compared with those who did not. 90 In addition, further sub-analyses evaluating change in circulating biomarkers of bone and joint destruction have been performed by comparing patients achieving ACR50 response with no-responders in both MTX and TNFi failures enrolled in MOBILITY and TARGET studies, respectively. Significantly greater reductions in chemokine (C-X-C motif) ligand 13 (a marker of lymphoid RA synovial phenotype), CM1, CRP, and MMP-3 were observed in ACR50 responders relative to nonresponders in the sarilumab-treated group. 91, 92 Moreover, a post hoc analysis of the MOBILITY study has been focused on patient-reported outcomes (PROs). 93 In patients treated with sarilumab, improvements in patient global assessment of disease activity, pain visual analog scale and HAQ-DI score, functional assessment of chronic illness therapy-fatigue (FACIT-F), and medical outcomes Short Form-36 (SF-36) appeared already after 2 weeks of therapy and were sustained through week 52. PRO scores with sarilumab 200 mg were generally greater than with sarilumab 150 mg Q2W.
TARGET trial, a three-arm, multicenter, randomized, double-blind, placebo-controlled, Phase III study, investigated ACR20 response at week 24 and HAQ-DI at week 12 in 546 active RA patients insufficiently responder or intolerant to $1 TNFi. 94 Statistically significant improvement in the ACR20 response was observed in patients receiving sarilumab 150 mg or 200 mg Q2W vs placebo (55.8% and 60.9% vs 33.7%; P,0.0001), regardless of the number of prior TNFis. A consensual trend emerged for the mean change from baseline in the HAQ-DI score at week 12 (least squares mean change: for 150 mg, 20.46 [P=0.0007]; for 200 mg, 20.47 [P=0.0004]) vs placebo (-0.26). Similar benefits were observed for secondary clinical outcomes, including ACR50 and ACR70 response, and mean change from baseline in DAS28-CRP score. 94 A further exploratory analysis comparing efficacy and safety profile of sarilumab according to age (~years) has been performed on a pooled population coming from both MOBIL-ITY part B and TARGET trials. Both sarilumab 150 mg and 200 mg Q2W were superior to placebo in all clinical efficacy scores (ACR20 response, DAS28-CRP remission rate, HAQ-DI score, and CDAI score) at week 24 and in change from baseline in functional evaluation at week 12 in both age groups, without significant difference in elderly subgroup. 95 The same pooled population was stratified according to baseline characteristics; sarilumab efficacy, measured by ACR20 response and changes in HAQ-DI, DAS28-CRP, and CDAI, was consistent across different subgroups, even if the magnitude of the drug effect was numerically smaller in baseline seronegative subjects for rheumatoid factor or anti-citrullinated peptides autoantibodies, or with a baseline body weight .100 kg. 96 MONARCH was a 24-week multicenter, randomized, active-controlled, double-blind, double-dummy, Phase III superiority trial conducted by comparing sarilumab (200 mg Q2W) and adalimumab monotherapy in patients with active RA who discontinued treatment with MTX due to intolerance or inadequate response. 97 Mean change from baseline in DAS28-ESR at week 24 (primary endpoint) was significantly higher in sarilumab compared with adalimumab subgroup (-3.28 vs -2.20; difference: -1.08; 95% confidence interval -1.36 to -0.79; P,0.0001). Similarly, sarilumab monotherapy demonstrated superiority compared to adalimumab according for all the secondary efficacy endpoints (DAS28-ESR remission rate, ACR20/50/70 responses, mean change from baseline in HAQ-DI, both physical and mental component summary of SF-36, and FACIT-F). 97 Safety profile of sarilumab in RA Overall, sarilumab showed a safety profile consistent with results previously observed with other IL-6 blockers such as tocilizumab.
In MOBILITY part A Phase II trial 87 the incidence rates of any treatment-emergent adverse events (TEAEs) ranged from 43% to 72% in sarilumab groups vs 47% in the placebo group. The main reasons for sarilumab discontinuation were infections (none classified as serious) and neutropenia. Other changes in laboratory parameters were elevation in transaminases and lipid profile alterations. No dose trend in the incidence of serious adverse events (SAEs) was observed. 87 In the Phase III part B of the MOBILITY study, 88 the total exposure (patient-year of treatment) to sarilumab in both subgroups was longer than in the placebo group. 88 The most 
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Raimondo et al represented TEAEs were infections, neutropenia, and liver toxicity, all generally mild or moderate in intensity and dose dependent. The incidence of serious infections was aligned to that observed with tocilizumab in RA. 42, 98, 99 No cases of tuberculosis, lymphoma, and gastrointestinal perforation occurred. Antidrug antibody development was observed in 16.7%, 13.0%, and 2.8% of patients in the sarilumab 150 mg Q2W, sarilumab 200 mg Q2W, and placebo groups, respectively, without any association with hypersensitivity reactions or inefficacy. 88 In the TARGET Phase III study, 94 sarilumab was generally well tolerated. Infections were the most frequently reported TEAEs, but no cases of tuberculosis or systemic disseminated opportunistic infections were observed. SAEs occurred in 5.4% in sarilumab 200 mg Q2W and in 3.3% in sarilumab 150 mg Q2W and in placebo groups. 94 In the MONARCH study, overall safety and tolerability of sarilumab and adalimumab monotherapy were generally similar. Incidence of AEs (sarilumab 64.1% and adalimumab 63.6%), SAEs (sarilumab 4.9% and adalimumab 6.5%), and infections (sarilumab 28.8% and adalimumab 27.7%) were comparable among the two treatment groups. Lipid profile alteration occurred more frequently in the adalimumab group (4.3%) than in the sarilumab group (1.6%). 97 In the pooled explorative analysis from MOBILITY and TARGET trials, incidence of SAEs occurred mostly in the elderly ($65 years of age) group, 95 without significant differences according to population baseline characteristics. 96 In the OLE EXTEND study, 89 long-term sarilumab safety profile was consistent with the one observed in the doubleblind phase, with a stable incidence of TEAEs and SEAEs.
Moreover, in patients experiencing laboratory abnormalities (such as absolute neutrophil count $0.5-1.0 Giga/L in the absence of infection, platelet count $50-100 Giga/L in the absence of bleeding, or alanine aminotransferase $3-5 fold the upper limit of normal), reducing sarilumab dose from 200 mg Q2W to 150 mg Q2W was effective to normalize these parameters allowing study continuation without further complications or efficacy impairment for a mean duration of .1.5 years. 100 Finally, sarilumab has been compared with tocilizumab in terms of safety and tolerability in two studies conducted in RA adult insufficient responders to MTX monotherapy (study 1309 [NCT02097524]) or to a previous TNFi (ASCERTAIN study [NCT01768572]). In both the studies, clinically meaningful AEs were comparable across the treatment groups as well as laboratory changes, suggesting a similar safety profile for IL-6 blockers.
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Conclusion
The crucial role of IL-6 in the pathogenesis of RA and other diseases characterized by profound acute-phase responses, such as Still's disease and giant cell arteritis, is well established and was clearly confirmed by the results of clinical studies evaluating available IL-6 blockers. According to these findings, in a hypothetic cytokine-based disease taxonomy, IL-6 may be considered as a more specific target for treating RA compared with the broad and unspecific effect of TNF blockade. 102 Tocilizumab has been marketed after a comprehensive development program including studies conducted in all RA subsets and confirmed a favorable efficacy/safety profile in the subsequent post-marketing real-life experience. Sarilumab for RA has been evaluated by a comparable set of RCTs demonstrating a similar broad efficacy across all RA subtypes, from MTX to TNFi insufficient responder patients, showing a clear superiority over adalimumab in the use as monotherapy in MTX-intolerant subjects. Moreover, sarilumab safety profile seemed to be consistent with what expected with IL-6 blockade and previously observed in patients treated with tocilizumab. In addition, from a pharmacodynamic point of view sarilumab showed a significantly higher affinity compared with tocilizumab with a longer half-life, allowing a lower frequency of administration (every other week instead weekly). All these aspects may be important in understanding the position of sarilumab within the class of IL-6 blockers. Moreover, in the very near future, the introduction of several novel potential mechanisms of action (such as Janus kinase inhibition 103 or GM-CSF blockade 104 ) or new technologies for drug delivery (such as the application of nanobody technology) may be crucial for better defining the strategy for positioning sarilumab in the treatment algorithm of RA. Indeed, observational data coming from post-marketing real-life studies may provide crucial additional information for better understanding the role of sarilumab in the management of the disease. Moreover, the improvement of individual tailored treatment and the discovery of biomarkers capable of predicting a favorable response to a given drug strategy are needed.
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